TSH is the primary physiological regulator of thyroid gland function. The effects of TSH on thyroid cells are mediated via activation of its membrane receptor [TSH receptor (TSHR)]. In this study, we examined functional thyroid differentiation in zebrafish and characterized the role of TSHR signaling during thyroid organogenesis. Cloning of a cDNA encoding zebrafish Tshr showed conservation of primary structure and functional properties between zebrafish and mammalian TSHR. In situ hybridization confirmed that the thyroid is the major site of tshr expression during zebrafish development. In addition, we identified tpo, iyd, duox, and duoxa as novel thyroid differentiation markers in zebrafish. Temporal analyses of differentiation marker expression demonstrated the induction of an early thyroid differentiation program along with thyroid budding, followed by a delayed onset of duox and duoxa expression coincident with thyroid hormone synthesis. Furthermore, comparative analyses in mouse and zebrafish revealed for the first time a thyroid-enriched expression of cell death regulators of the B-cell lymphoma 2 family during early thyroid morphogenesis. Knockdown of tshr function by morpholino microinjection into embryos did not affect early thyroid morphogenesis but caused defects in later functional differentiation. The thyroid phenotype observed in tshr morphants at later stages comprised a reduction in number and size of functional follicles, down-regulation of differentiation markers, as well as reduced thyroid transcription factor expression. A comparison of our results with phenotypes observed in mouse models of defective TSHR and cAMP signaling highlights the value of zebrafish as a model to enhance the understanding of functional differentiation in the vertebrate thyroid.
I
n vertebrates, de novo synthesis of the thyroid hormones T 4 and T 3 is restricted to thyroid follicles, which constitute the functional subunits of thyroid tissue. Thyroid hormones play a critical role for development, growth, and metabolism (1) . Biosynthesis of thyroid hormones is a complex multistep process that requires a follicular organization of polarized thyroid cells (2) . Iodide uptake from the blood stream is an active process mediated by the sodium-iodide symporter (NIS) (encoded by the Slc5a5 gene), which is localized on the basolateral membrane of thyroid follicular cells (3) . At the apical pole of thyroid follicular cells, thyroid peroxidase (TPO) catalyzes the coupling of iodide to tyrosyl residues of thyroglobulin (TG). TG functions as a scaffold for thyroid hormone synthesis and as a storage for thyroid hormones. The H 2 O 2 required for TPO-catalyzed iodide organification is generated by dual oxidase (DUOX), an nicotinamide adenine dinucleotide phosphate dependent oxidase that is colocalized with TPO at the apical membrane (4) . Iodinated TG is stored in the lumen of thyroid follicles. Upon demand, iodinated TG is reabsorbed into thyroid follicular cells, and thyroid hormones are liberated by proteolytic cleavage of TG. Central to the process of thyroid hormone synthesis is an efficient intrathyroidal recycling of the trace element iodine (2) . One important enzyme in this regard is iodotyrosine dehalogenase (encoded by the Iyd gene), which salvages iodide for intrathyroidal reuse via deiodination of iodotyrosines (5) .
TSH is the primary physiological regulator of thyroid gland function, stimulating thyroid hormone synthesis/ release, and exerting trophic effects on thyroid tissue (6, 7) . A hallmark of TSH action on thyroid follicular cells is that it regulates many of the genes involved in the biosynthetic machinery, intrathyroidal iodide metabolism, and secretory pathways (1, 6, 8) . The effects of TSH are mediated through TSH binding and activation of the TSH receptor (TSHR) (6) . This receptor is a member of the family of G protein-coupled receptors. Together with the FSH receptor and the LH receptor, the TSHR constitute the subfamily of glycoprotein hormone receptors (GpHR). TSHR signaling in thyroid follicular cells is mediated via several second messenger pathways, the best characterized of which is the activation of adenylate cyclase-cAMP pathway (9) .
Congenital hypothyrodism (CH) is the most frequent endocrine disorder in human newborns affecting approximately one of 2000 -4000 life births (10) . CH is characterized by reduced serum thyroid hormone levels at birth. Approximately 15% of CH cases are due to dyshormonogenesis, including defects in one of the aforementioned steps of thyroid hormone synthesis (11) . However, it is of particular interest that the majority of CH cases, approximately 85%, is due to thyroid dysgenesis (TD). The term TD considers a spectrum of developmental abnormalities, including athyreosis (absence of thyroid tissue), thyroid ectopy (most frequently at a sublingual location), hypoplasia (orthotopic thyroid tissue of reduced size), and hemiagenesis (unilateral thyroid tissue). All these phenotypes are considered to be caused by defects during embryonic development. However, the molecular mechanisms underlying TD in human newborns remain still poorly understood (12) (13) (14) .
The process of thyroid organogenesis has been well investigated in the mouse model (14 -16) . In the mouse embryo, thyroid development starts between embryonic day (E)8 and E8.5 with the specification of the thyroid anlage, a thickening of the midline endodermal floor of the primitive foregut. At this stage, thyroid precursor cells are characterized by expression of a unique combination of transcription factors comprising NKX2.1, PAX8, HHEX, and FOXE1. Expression of all four genes is maintained throughout morphogenesis and persists in terminally differentiated thyroid cells. The median anlage develops into a diverticulum that descends caudally and loses contact with the pharynx by E11.5. After detachment, the thyroid primordium expands bilaterally and migrates to its final position in front of the trachea until E13. 5 . Terminal functional differentiation of the thyroid is initiated around E14.5 and involves expression of the functional differentiation markers Tg, Tshr, and Tpo (8, 17) . Expression of NIS becomes detectable at E15.5, and functional maturation is evident from thyroid hormone synthesis around E16.5. Using knockout mouse models of Nkx2.1, Pax8, Hhex, and Foxe1, several of the thyroid phenotypes observed in human patients could be reproduced, including athyreosis and thyroid ectopy (14) . However, although mouse studies demonstrated the importance of these transcription factors for normal progression of thyroid morphogenesis, mutations in the corresponding human genes were found to explain only a very small percentage of TD cases (12) .
Innovative experimental approaches using novel model systems might help to further improve our understanding of morphogenetic processes and gene networks involved in thyroid organogenesis. One promising model is early development in zebrafish. In the recent past, zebrafish has gained much attention as a genetically tractable vertebrate model to study organogenesis (18) . Optical clarity of embryos allows direct visualization of developmental processes and its pathological deviations. Small size, high fecundity, external fertilization, rapid development, and a short generation time are important attributes underscoring the utility of zebrafish for studies of early developmental processes. The value of zebrafish for studies on thyroid organogenesis is well supported by the fact that several aspects of thyroid morphogenesis are conserved between zebrafish and mammals (19 -23) . Early morphogenetic events, such as thyroid specification within the ventral foregut, budding of the primordium, and relocalization into the subpharyngeal mesenchyme, show many similarities in fish and mouse (reviewed in Refs. 16, 24) . Moreover, expression of a similar but not identical transcription factor network has been demonstrated in the developing thyroid of zebrafish and mice (19 -23) . However, differences exist in the timing of specific morphogenetic events and in the anatomy of mature thyroid tissue. Although thyroid follicles are encapsulated in a compact organ in mouse, thyroid follicles are loosely scattered along the pharyngeal midline in zebrafish.
In zebrafish experiments, it is common practice to inhibit pigmentation by addition of 0.003% phenylthiourea (PTU) to the embryo medium (25) . However, the use of PTU has the potential to confound studies on thyroid morphogenesis due to TPO inhibition by PTU (26) . In this study, we characterize the effects of PTU on thyroid gene expression and examine the utility of the pigmentless casper mutant line (27) for studies on thyroid morphogenesis. Two intriguing aspects of thyroid development in zebrafish are the early onset of tg and slc5a5 expression and the apparent lack of any thyroid phenotype in zebrafish mutants with defective TSH signaling (20) . These observations suggested a major difference in the process of functional differentiation between the mouse and zebrafish model. In this study, we aimed at a better characterization of functional thyroid differentiation in zebrafish. We cloned a zebrafish Tshr and characterized its expression profile along with other novel differentiation markers of thyroid development in zebrafish. In addition, we demonstrate a specific thyroid phenotype in a zebrafish Tshr loss-of-function model and propose a model for the role of Tshr signaling during thyroid morphogenesis in zebrafish.
Results

Thyroid morphogenesis proceeds normally in casper mutants
Depigmentation of zebrafish embryos before gene expression analysis by whole-mount in situ hybridization (WISH) is commonly achieved by either bleaching of fixed embryos with hydrogen peroxide solution or by raising embryos in a solution containing 0.003% PTU (25) . Bleaching of embryos has several drawbacks, such as reduced detectability of weakly expressed transcripts and impaired integrity of embryos. The addition of PTU to embryo medium, on the other hand, is problematic, because the PTU concentration required for depigmentation is sufficient to block thyroid hormone synthesis due to inhibition of TPO activity by PTU (26) . Zebrafish mutant strains that lack pigmentation might therefore offer promising tools for use in WISH experiments, particularly in studies concerning morphogenesis and function of the thyroid gland. In this study, we examined the utility of one such pigment-less mutant line, called casper (27) , for studies on thyroid morphogenesis.
As shown in Fig. 1, A and B, compared with wild-type (WT) larvae, casper larvae are characterized by a complete lack of all melanocytes and iridophores. This line was generated by crossing of two zebrafish lines, nacre (mutation of mitfa) and roy orbison (mutated allele unknown). Casper fish are doubly mutant for nacre and roy (27) . Early development of casper embryos is indistinguishable from WT embryos. However, given the unknown identity of the gene mutated in the roy orbison line, we first verified in casper embryos whether thyroid morphogenesis proceeds in a WT manner. Expression patterns for established markers of zebrafish thyroid development were examined in casper embryos between 24 and 100 hours postfertilization (hpf). WISH analyses of spatiotemporal expression profiles for nkx2.1a, tg, and slc5a5 clearly showed that the main morphogenetic processes occur normally in casper embryos. For example, timely specification of the thyroid anlage was detected using the nkx2.1a riboprobe between 24 and 26 hpf (Fig.  1C) . Normal thyroid budding, migration, and formation of a first follicle were evident from orthotopic expression of tg (Fig. 1D) . Further, the dispersed thyroid tissue forming along the pharyngeal midline during the late phase of thyroid organogenesis was strongly stained by a slc5a5 probe (Fig. 1E) . Results from the aforementioned and several additional experiments lead us to conclude that casper mutants display an apparently normal process of thyroid morphogenesis.
PTU treatment of embryos alters thyroid gene expression
During in situ hybridizations with the slc5a5 riboprobe, we noticed that casper larvae at late stages (Ն80 hpf) required prolonged incubation in staining solution (ϳ12 h) to achieve a similar signal intensity relative to what we routinely observed in experiments with PTUtreated WT larvae (ϳ5-6 h). These observations indicate
FIG. 1.
In contrast to pigmented WT larvae (A), casper larvae are highly transparent due to a lack of melanocytes and iridophores (B). Thyroid marker expression in casper embryos indicate normal progression of thyroid morphogenesis (C-E). WISH of casper embryos with riboprobes for nkx2.1a (C), tg (D), and slc5a5 (E) label the thyroid primordium at 26 hpf (C), demonstrate formation of a first follicle at 55 hpf (D) and stain the dispersed thyroid tissue along the pharyngeal midline at 100 hpf (E), respectively. Inset in D shows a magnified view of the thyroid region. Arrows point to the thyroid. Lateral (A-D) and ventral views (E) are shown with all embryos being oriented with anterior to the left. a higher level of slc5a5 expression in thyroids of PTUtreated WT larvae compared with casper larvae. Previous studies concluded that PTU treatment does not affect thyroid morphogenesis in zebrafish (26) , but to the best of our knowledge, possible effects of PTU treatment on differentiation marker expression have not yet been addressed. To examine the effects of PTU treatment on thyroid marker expression in more detail, we performed comparative WISH analyses of PTU-treated WT embryos, PTU-treated casper, and untreated casper embryos. Although PTU treatment leads to a similar loss of eye pigmentation in WT and casper embryos, PTUtreated WT and casper embryos can still be unequivocally identified after WISH experiments due to very faint dorsal skin pigmentation of WT embryos. These differences allowed us to process age-matched embryos from all three treatment groups in the same test tube during WISH. At 55 hpf, we found no differences between the three groups of embryos regarding tshb expression in pituitary thyrotrophs (n ϭ 17-19) (Fig. 2 , A-C) or thyroidal expression of slc5a5 (n ϭ 22-24) (Fig. 2, D-F) . Similarly, no differences were observed for nkx2.1a and tg expression in the thyroid of 55-hpf embryos (data not shown). By 80 hpf, however, pituitary tshb expression was increased in all WT (n ϭ 18) and casper (n ϭ 21) larvae treated with PTU (Fig. 2 , G and H) relative to untreated casper larvae (n ϭ 25) (Fig. 2I) . Interestingly, concurrent with the up-regulation of pituitary tshb expression, we observed a strongly increased expression of slc5a5 in all WT (n ϭ 22) and casper (n ϭ 28) larvae treated with PTU (Fig. 2 , J and K) relative to untreated casper larvae (n ϭ 26) (Fig. 2L) . Thyroidal expression of nkx2.1a and tg mRNA was also enhanced by PTU treatment but less strongly compared with slc5a5 (data not shown). Similar PTU effects on tshb and slc5a5 expression were observed in additional independent experiments examining WT larvae raised in the presence or absence of PTU (Supplemental Fig. 1 (28 -30) . To our knowledge, this is the first demonstration of altered thyroid gene expression in response to PTU treatment during early zebrafish development. Thus, the expression pattern observed in the thyroid of PTU-treated zebrafish larvae at 80 hpf corresponds well with the classical goitrogenic response reported in adult mammalian thyroid tissue. What is surprising is the early onset of a putative pituitarythyroid feedback signaling in zebrafish, because PTUinduced alterations of tshb and slc5a5 expression were apparent at developmental stages, when immunoreactivity for T 4 just starts to become detectable in zebrafish thyroid tissue (22) .
Cloning and functional characterization of zebrafish Tshr
Using a combination of bioinformatics and RT-PCR, we cloned a cDNA encoding for zebrafish Tshr. Sequencing predicts an open reading frame of 2271 bp encoding for a 757-amino acid (aa) polypeptide. From the cDNAdeduced primary structure, we identified the typical traits characteristic for members of the GpHR subfamily, including a large amino-terminal extracellular domain of 420 aa (including the signal peptide), a 260-aa heptahelical transmembrane domain, and a C-terminal 77-aa cytoplasmic domain (Supplemental Fig. 2 ). Nine leucinerich repeats important for TSH binding of the human TSHR were found to be conserved in the extracellular domain of zebrafish Tshr. A phylogenetic tree, constructed using the neighbor joining algorithm based on full polypeptide sequences, showed a tight clustering of zebrafish Tshr with TSHR from other teleosts and tetrapods in a clade, which is well separated from a clade containing FSH receptor and LH receptor sequences (Supplemental Fig. 3 ). Including the zebrafish Tshr described in this study, TSHR are now described in seven teleosts (31) (32) (33) (34) (35) (36) . Collectively, these studies demonstrate that predicted structural characteristics are strongly conserved between teleost and mammalian TSHR.
Functional characterization of the zebrafish Tshr was carried out in HEK293T cells transiently transfected with tshr/pcDNA3.1 expression vector. cAMP accumulation was measured after stimulation of transfected cells with several glycoprotein hormones. Although purified TSH from zebrafish was not available for these experiments, we found that bovine and human recombinant TSH but not human chorionic gonadotropin (hCG) stimulated cAMP production in a concentration-dependent manner in HEK293T cells transfected with zebrafish Tshr (Fig. 3) . No effects of these hormones were observed in mocktransfected cells (data not shown). Thus, zebrafish Tshr responds functionally to mammalian TSH preparations.
Thyroid differentiation marker expression in zebrafish embryos
The spatiotemporal expression pattern of tshr mRNA was examined in whole-mount preparations of WT and casper embryos between 24 and 100 hpf and was compared with the expression profiles of the previously described thyroid markers tg and slc5a5 (20) , as well as with the early expression pattern of zebrafish tshb (37) . Results obtained for all four genes were highly consistent when comparing WT and casper embryos. In agreement with previous reports (37), we found that expression of tshb mRNA is confined to the developing pituitary (Fig. 4 , A-C, and data not shown). Our WISH analyses of tshb expression revealed first specific staining of the pituitary anlage already between 34 and 36 hpf (Fig. 4A) , implicating an earlier onset of tshb expression than the previously reported onset between 40 and 42 hpf (37) . Strong tshb expression was observed from 38 hpf onwards (Fig.  4 , B and C). Given the reported onset of cga expression (encoding for the ␣-subunit of TSH) around 32 hpf (38), our expression data implicate concurrent expression of both TSH subunits by 36 hpf in the zebrafish pituitary.
Compared with tshb, the onset of tshr expression was slightly delayed, because tshr mRNA was not detected before 40 hpf by WISH. Between 40 and 42 hpf, tshr mRNA expression became detectable as a faint staining of the thyroid primordium (Fig. 4D) . Thyroidal levels of tshr expression increased subsequently, and from 46 hpf onwards, tshr mRNA was readily detectable in developing thyroid tissue at all stages examined (Fig. 4, E and F) . Weak extrathyroidal expression of tshr mRNA was noted in lens and brain. Similar to previous studies (20) , slc5a5 expression in the thyroid primordium became detectable between 40 and 42 hpf (Fig. 4G) , and strong thyroidal slc5a5 expression was observed at all subsequent stages (Fig. 4, H and I) . In contrast to tshr and slc5a5, expression of tg was detectable in the thyroid primordium as early as 34 hpf (Fig. 4J) . From 42 hpf onwards, tg expression was very high in thyroid tissue (Fig. 4, K and L) . Thus, our data demonstrate that tshr mRNA is already expressed during the process of thyroid budding.
Apart from tg and slc5a5, no information was available so far concerning the expression of still other markers of functional thyroid differentiation. Our analyses of the zebrafish genome database identified zebrafish orthologs of mammalian TPO, IYD, DUOX, and DUOXA. In situ hybridization experiments demonstrate expression of tpo, iyd, duox, and duoxa in zebrafish thyroid tissue but also reveal differences in temporal expression of these four genes. Weak expression of tpo mRNA was first detected between 40 and 42 hpf in the thyroid primordium (Fig.  5A ). tpo expression levels increased at subsequent stages, and strong staining of thyroid tissue was observed from 46 to 100 hpf (Fig. 5 , B-D). Between 40 and 100 hpf, tpo expression was confined to the developing thyroid (Fig.  5D ). In the developing thyroid, iyd was weakly detectable as early as 38 hpf (Fig. 5E ). Expression of iyd mRNA increased at subsequent stages, and strong staining of thyroid tissue was observed from 42 to 100 hpf (Fig. 5 , F and G). In addition to the thyroid, iyd expression was also detected in liver and gut (Fig. 5H) .
Although two Duox (Duox1 and Duox2) and two Duoxa genes (Duoxa1 and Duoxa2) have been identified in mammals, the genome of zebrafish and other teleosts contains only a single duox gene (39) and a single duoxa gene (40) . Consistent with recently published data (41), our WISH experiments demonstrate duox mRNA expression in various tissues, including epidermis, brain, intestine, and ultimobranchial bodies (Fig. 6, A and B) . From 80 hpf, weak duox expression was also observed in thyroid tissue (Fig. 6 , B and B'), an expression domain not recognized in previous studies. No duox expression was found in the thyroid of embryos younger than 60 hpf. Expression of duox in the zebrafish thyroid tissue appears to be very low. A moderate staining was only obtained after prolonged incubation in staining solution (usually 72 h). Furthermore, so far, we could only demonstrate a specific staining in casper and WT larvae treated with PTU. No specific staining was obtained in untreated casper embryos due to increasing background staining upon further incubation in staining solution. Expression of duoxa was found in most tissues expressing duox, including thyroid, brain, intestine, and ultimobranchial bodies (Fig. 6 , C and D). However, duoxa mRNA was not detected in the epidermis, which was strongly labeled by the duox probe at early stages (data not shown). Furthermore, although not analyzed in detail, the expression pattern of duoxa in brain was distinct from that of duox (data not shown). In the developing thyroid, duoxa expression was detectable at earlier stages than duox. Weak expression was detected around 55 hpf (Fig. 6 , C and C'). Taken together, these data demonstrate an early onset of mRNA expression for important functional differentiation markers such as tg, slc5a5, tshr, tpo, and iyd around the time of thyroid budding, whereas induction of duox was delayed. In larvae more than or equal to 80 hpf, staining of the thyroid using probes for slc5a5, tshr, tpo, and iyd occurred much faster in larvae treated with PTU, suggesting enhanced expression of these markers. Notably, PTU treatment did not obviously alter expression levels of iyd mRNA in liver and gut.
Identification of a novel gene transiently expressed in zebrafish thyroid
In addition to identifying zebrafish orthologs of known mammalian thyroid markers, we recently initiated a screen for novel genes expressed in the thyroid of zebrafish embryos. Candidate genes for this screen are identified based on results from ongoing transcriptome analyses of mouse embryonic thyroid tissue. One such gene with thyroid-enriched expression in mouse embryos is Bcl2 ( Supplemental Fig. 4 ). WISH analyses of the corresponding zebrafish ortholog (bcl2, NM_001030253) did not reveal elevated expression in zebrafish thyroid (data not shown). However, for a related zebrafish gene, bcl2-like 1 (bcl2l1, NM_131807), we detected strong expression in zebrafish thyroid tissue. When using a bcl2l1-specific riboprobe, staining of the thyroid primordium was first detected between 34 and 36 hpf (Fig. 6E ). Thyroidal bcl2l1 expression became stronger by 40 hpf and was maintained until 60 hpf, when staining of the thyroid started to fade (Fig. 6 , F, H, and I). As shown in Fig. 6K , bcl2l1 expression was no longer detectable in thyroid tissue by 80 hpf. Thus, bcl2l1 is only transiently expressed at high levels in the thyroid primordium. Extrathyroidal expression domains of bcl2l1 include the central nervous system and the arch-associated cells (42), a small group of cells located bilaterally to the thyroid between 36 and 60 hpf (see Fig. 6 , G and J).
tshr knockdown reduces the number of functional follicles
Mouse models of defective TSHR signaling display hypothyroidism and develop thyroid gland hypoplasia postnatally (17, 43) . Similar loss-of-function phenotypes have been reported in human patients harboring homozygous inactivating TSHR mutations (44, 45) . To assess the role of Tshr during zebrafish thyroid development in more detail, we used the morpholino antisense oligonucleotide (MO) technology to knock down Tshr protein expression in zebrafish embryos.
For a first set of microinjection experiments, we used Tg(fli1a:EGFP) transgenic embryos expressing enhanced green fluorescent protein (EGFP) in endothelial cells and neural crest-derived mesenchyme (46) . As shown in Fig. 7A , whole-mount immunofluorescence staining of EGFP expression highlights the anatomical position of various craniofacial structures, including major blood vessels, such as the ventral aorta and aortic arch arteries, and cartilage elements, such as the ceratohyal. Exploiting these anatomical landmarks, we first analyzed the localization of thyroid follicles in tshr morphants and control larvae. Double immunostaining of EGFP and TG at 120 hpf clearly demonstrated localization of thyroid follicles along the ventral (40 -42 hpf) and the strong expression of both genes in the thyroid at the one-follicle stage (55 hpf). Ventral views show that tpo (C) and iyd (G) are strongly expressed in differentiated thyroid tissue at 100 hpf. Black arrows point to thyroid. Although the tpo riboprobe (lateral view in D) specifically stains the thyroid, iyd (lateral view in H) is also strongly expressed in liver (white arrow) and gut (white arrowheads). All embryos are oriented with anterior to the left. aorta in control larvae (Fig. 7B ) and tshr morphants (Fig.  7C) . Follicles immunoreactive for TG were located in the region between the heart outflow tract and the anterior end of the ceratohyal cartilage. Similar staining patterns of thyroid tissue were observed when antibodies for iodide-rich TG (TG-I) and T 4 were used in whole-mount immunofluorescent experiments (Fig. 7, D-F) . The staining patterns seen for all three thyroid markers are consistent with the previously reported strong immunostaining of follicular lumina by TG and T 4 antibodies (20, 26) . In control larvae, TG, TG-I, and T 4 immunostaining each labeled four to seven follicles along the pharyngeal midline. In tshr morphants, however, we observed a statistically significant reduction in the number of follicles immunoreactive for TG, TG-I, and T 4 (Fig. 7, G-I) . Moreover, many follicles detected in tshr morphants had a greatly reduced size, irrespective of whether the immunostaining was performed for TG, TG-I, or T 4 (Fig. 7, D-F) . The markedly reduced immunostaining for TG-I and T 4 implicates impaired iodide organification and thyroid hormone synthesis in tshr morphants. Taken together, these data demonstrate that knockdown of tshr function does not prevent follicle formation in zebrafish but causes a significant reduction in the number and size of functional follicles.
The incidence of partial thyroid ectopy is not altered by tshr knockdown
Interestingly, in addition to the orthotopic follicular domain, we also noted immunoreactivity for TG, TG-I, and T 4 at a site located anterior to the ceratohyal cartilage in approximately 5% of all immunostained larvae (Fig. 8A) . Subsequent in situ hybridizations (using a protocol with long incubation in staining solution) revealed the presence of a small cluster of cells at this site expressing the thyroid markers tg, tpo, nkx2.1a, and hhex (Fig. 8, B-E) . The ectopic expression domain was located in the midline and ventral to FIG. 6. Developmental expression of duox, duoxa, and bcl2l1 in zebrafish embryos as demonstrated by WISH. All panels show lateral views of embryos and larvae oriented with anterior to the left. A, Absence of detectable duox expression in thyroid primordium at 55 hpf (see also magnified view of thyroid region in A'). Moderate duox expression was detected in differentiated thyroid tissue at later stages as shown in B (see magnified view of subpharyngeal region in B') but only after prolonged stain development. Black arrows point to thyroid. Using the duoxa riboprobe, a weak staining of thyroid was observed at 55 hpf (C and magnified view of the thyroid region in C'). As shown in D, stronger duoxa expression was detected in differentiated thyroid tissue at later stages (see also magnified view of the subpharyngeal region in D'). Extrathyroidal tissues expressing duox and duoxa include brain, ultimobranchial bodies (white arrows in B, B', D, and D'), and intestine (white arrowhead). E, F, and H, Expression of bcl2l1 during early stages of thyroid morphogenesis. bcl2l1 is strongly expressed in the thyroid at the one-follicle stage (I and magnified view of thyroid region in I'). In addition to the brain, the bcl2l1 riboprobe also strongly labels the arch-associated cells (aac), which are located bilaterally to the thyroid primordium as shown in G and J. Thyroidal expression of bcl2l1 ceases after 60 hpf and is undetectable by 80 hpf (K). K', Magnified view of the boxed region in K highlighting the absence of thyroid-specific staining even after prolonged stain development. Black arrows point to developing thyroid tissue. the floor of the pharynx. In zebrafish, the thyroid primordium is initially located in the ventral pharynx at a level between the first and second pharyngeal arch. Interestingly, the ectopic domain was detected in later stage larvae approximately halfway between Meckel's cartilage and ceratohyal cartilage, which are derived from first and second pharyngeal arch mesenchyme, respectively. Thus, the ectopic site is positioned in close vicinity to the pharyngeal region that was initially populated by thyroid precursor cells. Collectively, these observations indicate that the most anterior domain of immunostaining very likely corresponds to ectopic yet functional thyroid tissue remnants that likely failed to detach from the pharyngeal floor earlier during zebrafish embryogenesis. Notably, the incidence of ectopic thyroid tissue at this site did not differ between control larvae and tshr morphants. Ectopic thyroid tissue was detected by immunostaining in 5.8% of control larvae (6/104) and 4.3% of tshr morphants (5/117) and by in situ hybridization using the tg riboprobe in 21.8% of control larvae (21/110) and 19.4% of tshr morphants (20/98).
tshr knockdown alters thyroid marker gene expression
We next performed WISH analyses using an expanded panel of thyroid markers to characterize in more detail the defects occurring during thyroid morphogenesis in tshr 
morphants. Given the aforementioned potential of PTU treatment to enhance TSH stimulation of thyroid tissue, all analyses were done in parallel for casper embryos raised in the presence or absence of PTU. As judged from expression analyses of nkx2.1a, hhex, and pax2a at 26 hpf, both timing of specification and morphology of the early thyroid anlage appeared unaffected in embryos injected with tshr-MO (Supplemental Fig. 5) .
A thyroid phenotype in tshr morphants was first detectable at the one-follicle stage (55 hpf), when thyroidal expression of several transcription factors was reduced in 28 -42% of tshr morphants relative to age-matched control embryos (Table 1) . Representative specimen with reduced nkx2.1a and pax8 expression are shown in Fig. 9 , A' and B'. Results obtained for pax2a, hhex, and foxe1 are shown in Supplemental Fig. 6 . The reduction in transcription factor expression was thyroid-specific, because no such effects were observed for the various extrathyroidal expression domains of nkx2.1a (ventral forebrain), pax2a (hindbrain, midbrain-hindbrain boundary, and otic vesicle), pax8 (hindbrain and midbrain-hindbrain boundary), and foxe1 (pharyngeal epithelium). In affected tshr morphants, formation of a first follicle was barely detectable (see Fig. 9 , A and A', insets). Although the thyroid primordium appeared smaller in tshr morphants, this might be due to the lack of organization of cells into a follicular structure.
Reduced expression of the functional differentiation markers tg, tpo, slc5a5, and iyd was observed in a somewhat higher percentage of tshr morphants, ranging from 44 to 71% (Table 1) . Representative specimens with reduced slc5a5 and tg expression are shown in Fig. 9 , C' and D'. Results obtained for iyd and tpo are shown in Supplemental Fig. 6 . Expression of bcl2l1 was reduced in up to 40% of tshr morphants (Table 1 and Fig. 9E') . For most of the markers analyzed, a comparison of embryos raised in the presence or absence of PTU revealed no difference in the effects pattern caused by tshr knockdown (see Ta- 
). Notable exceptions were tpo, slc5a5, and iyd, for which we observed a modest increase in the percentage of tshr morphants displaying reduced marker expression. Among all genes analyzed in tshr morphants at 55 hpf, the expression of slc5a5 was most strongly affected. By 100 hpf, the effects of tshr knockdown became more severe for most of the genes analyzed (Table 1) . At this time point, almost 100% of tshr morphants displayed strongly reduced expression of nkx2.1a (Fig. 9, F and F') , slc5a5 (Fig. 9, H and H'), tpo (Supplemental Fig. 7) , and iyd (Supplemental Fig. 7 ). The expression of tg (Fig. 9, I and I'), hhex (Supplemental Fig. 7), and pax8 mRNA (Fig.  9 , G and G') was reduced in only 31, 46, and 78% of tshr morphants raised in the absence of PTU. Although effects of tshr knockdown on expression of these three genes were stronger in PTU-treated larvae (see Table 1 ), it is worth noting that still 39% of tshr morphants displayed no difference in tg expression relative to embryos injected with control MO. In addition, we performed WISH experiments for pax2a, foxe1, and bcl2l1, the expression of which is either very weak (pax2a) or undetectable (foxe1 and bcl2l1) in the thyroid of control larvae at 100 hpf. Injection of tshr MO did not alter the expression of these genes in 100 hpf larvae (data not shown).
A final experiment aimed at a more direct comparison of thyroidal expression levels in tshr morphants raised in   FIG. 9 . tshr morphants display reduced thyroid marker expression as demonstrated by WISH. Lateral views of control embryos (A-E) and tshr morphants (A'-E') analyzed for nkx2.1a, pax8, slc5a5, tg, and bcl2l1 expression at 55 hpf show reduced thyroid expression in tshr morphants. From the staining patterns, timely formation of a first follicle is barely detectable in tshr morphants (see insets in A and A'). Qualitatively similar effects were observed in embryos raised in the presence or absence of 0.003% PTU. For a better visualization of staining in the thyroid region, photomicrographs in A-E and A'-E' show casper larvae raised in PTU. At 100 hpf, analyses of nkx2.1a, pax8, slc5a5, and tg expression in control larvae (F-I) and tshr morphants (F'-I') showed strongly reduced expression of all genes in tshr morphants. Lateral (F, F', G, and G') and ventral views (H, H', I, and I') are shown. Thyroid staining was barely detectable in many tshr morphants. On the other hand, tg staining indicates that the anterior-posterior extension of the pharyngeal midline region populated by thyroid cells is similar between control larvae and tshr morphants (compare I and I'). All photomicrographs in F-I and F'-I' show casper larvae raised in the absence of PTU. Qualitatively similar effects were observed in PTU-treated larvae, but due to enhanced expression of thyroid markers in PTU-treated larvae, the differences in staining intensities were more pronounced. Ventral views in J and K show slc5a5 expression in tshr morphants raised in the absence (J) or presence (K) of PTU. Note that slc5a5 expression was not increased in PTU-treated tshr morphants relative to untreated tshr morphants. All larvae are oriented with anterior to the left. Arrows point to thyroid. co-MO, Embryos injected with standard control morpholino; tshr-MO, embryos injected with tshr morpholino.
the presence or absence of PTU until 100 hpf. slc5a5 was selected as a thyroid marker for this experiment because its marked up-regulation in PTU-treated control larvae. Because thyroid staining by the slc5a5 probe was very weak or absent in tshr morphants examined in the previous experiments, the staining step was extended to 72 h for the tshr morphants analyzed in this WISH experiment. No differences in slc5a5 expression could be identified between tshr morphants raised in the presence or absence of PTU (Fig. 9, J and K) . Thus, a stimulating effect of PTU treatment on slc5a5 expression was absent in tshr morphants.
Overexpression of tshr mRNA partially rescues the thyroid phenotype of tshr morphants
A conventional attempt to rescue the thyroid defects in tshr morphants, that is by injection of tshr mRNA at the one-cell stage, proved to be not possible due to an early onset of gross developmental abnormalities. As an alternative approach of phenotypic rescue, we coinjected tshr-MO with transposase mRNA and a Transposable élément of medake fish Oryzias latipes, N o 2 (Tol2) construct, pTol2hsp70:tshr, in which a heat-shock promoter drives expression of tshr. To circumvent the gross developmental effects resulting from early tshr mRNA misexpression, embryos were heat shocked starting from 2 d postfertilization. More than 80% of pTol2hsp70:tshr-injected embryos showed normal overall development (Supplemental Fig. 8 , A-C), with tshr misexpression being dependent upon heat-shock treatment (Supplemental Fig. 8, E-H) . However, we observed overt developmental effects in 5-20% of pTol2hsp70:tshr-injected embryos in six independent injection experiments. WISH analyses revealed that such grossly affected embryos misexpressed high levels of tshr mRNA even in the absence of heat shock (Supplemental Fig. 8D ). Only embryos displaying overall normal development were considered for the following analyses of phenotypic rescue.
WISH analyses of thyroid marker expression in heatshocked embryos at 100 hpf revealed a partial rescue of slc5a5 (Fig. 10, A-D) and nkx2.1a (Fig. 10, I -L) expression in pTol2hsp70:tshr-injected tshr morphants relative to noninjected tshr morphants. Although noninjected tshr morphants consistently displayed strongly reduced thyroidal staining of slc5a5 and nkx2.1a mRNA, approximately 30 -50% of pTol2hsp70:tshr-injected tshr morphants displayed, if any, only a moderately reduced staining for slc5a5 and nkx2.1a mRNA relative to control embryos. Expression of tg mRNA was moderately reduced in one third of noninjected tshr morphants but was indistinguishable from controls in tshr morphants injected with pTol2hsp70:tshr (Fig. 10, E-H) . Consistent with these gene expression data, the number of TG-immunoreactive thyroid follicles in rescued tshr morphants was not significantly different from control embryos (Fig.  10M) . On the other hand, only a partial rescue was observed for the number of T 4 -immunoreactive thyroid follicles (Fig. 10N) . Although pTol2hsp70:tshr-injected tshr morphants had significantly more T 4 -immunoreactive follicles than noninjected tshr morphants, the number of T 4 -immunoreactive follicles in pTol2hsp70:tshr-injected tshr morphants was still significantly reduced compared with control embryos.
Discussion
Recently, zebrafish embryonic development emerged as a promising new model to delineate morphogenetic processes and molecular mechanisms of thyroid organogenesis (19 -22, 47) . However, findings in previous zebrafish studies also raised some questions, particularly with respect to the process of functional differentiation of the zebrafish thyroid. Although TSH is regarded the primary physiological regulator of thyroid gland function (7), conclusive information was not available concerning the onset of TSH-TSHR signaling in zebrafish and its role during thyroid morphogenesis. During the initial studies on the validation of casper mutant embryos, we readily observed PTU-induced changes along the pituitary-thyroid axis from 80 hpf onwards. The effects pattern observed is compatible with the classical model of increased TSH synthesis and elevated TSH stimulation of thyroid tissue in response to thyroid hormone synthesis inhibitors (28, 29, 48) . For slc5a5, the paradigm of a TSH-dependent thyroid gene in mammals (3), we observed a marked up-regulation in the thyroid of PTU-treated larvae, supporting the view that thyroid gene expression is TSH-dependent at least during late thyroid development in zebrafish.
To gain greater insights into the developmental role of TSH-TSHR signaling, we cloned the zebrafish Tshr and showed a high conservation in its primary structure when compared with mammalian TSHR. Our results are in line with previous studies on teleost TSHR (31) (32) (33) (34) (35) (36) . Recent reports have shown a preferential retention of duplicate genes in some G protein-coupled receptor subfamilies after the ray-finned fish lineage-specific whole-genome duplication event (49) . However, it is worth noting that only a single tshr gene has been described in all but one teleost species investigated to date. Thus, retention of duplicate tshr genes is not commonly observed in teleost species. The two tshr genes in Functional properties have been previously assessed in four other teleosts, and combined with our zebrafish data, studies on teleost TSHR consistently show that TSH preparations are most potent in stimulating cAMP accumulation, whereas gonadotropins and hCG show, if any, rather weak activity at high concentrations (31) (32) (33) 36) . Expression profiles for teleost TSHR have been limited in most studies to RT-PCR analyses of adult tissues, whereas data on spatiotemporal expression profiles during embryonic development were completely lacking. In previous studies, tshr expression has been detected at high levels in grossly dissected tissue fragments comprising the thyroid region, in brain and at very high levels in gonadal tissues (31-33, 35, 36) . Specific expression in thyroid follicles has only been demonstrated by in situ hybridization in amago salmon smolts and parrs (33) .
The present study is the first to address tshr expression during early development in a teleost. We show that the developing thyroid is indeed the major site of expression in zebrafish embryos and that tshr mRNA is already expressed during the process of thyroid budding. Thus, although still limited to the mRNA level, coincident expression of tshr in thyroid and cga and tshb in pituitary can be detected as early as 40 -42 hpf in zebrafish embryos. In addition to tshr, we identified tpo, iyd, duox, and duoxa as novel thyroid differentiation marker in zebrafish. In situ hybridization revealed thyroid-specific expression for tpo, whereas iyd was expressed in thyroid, liver, and gut. To the best of our knowledge, zebrafish is the first vertebrate where thyroidal iyd expression has been demonstrated during embryonic development. Interestingly, similar to tg, slc5a5, and tshr, expression of iyd and tpo mRNA was observed during early stages of thyroid morphogenesis in zebrafish. Moreover, the finding of enhanced expression of tshr, tpo, and iyd after embryo treatment with PTU implicates regulation of these genes by TSH in zebrafish, similar to what has been observed in mammals (28, 29) and amphibians (48) .
These new data allowed us to propose a refined model of functional thyroid differentiation during zebrafish development. Collectively, the expression profiles of tg, tshr, slc5a5, iyd, and tpo demonstrate an early onset of a molecular differentiation program along with the process of thyroid budding. A similar induction of functional differentiation markers occurs much later during mouse thyroid morphogenesis. For example, thyroid budding in mice occurs between E9.5 and E10.5 (15) , whereas differentiation marker expression becomes detectable between E14 and E16 (8, 17) . However, in both zebrafish and mice, functional differentiation markers are induced shortly before functional differentiation becomes manifest at the morphological level by formation of thyroid follicles. In zebrafish, expression of molecular differentiation markers (between 32 and 42 hpf) precedes formation of a first follicle by 55 hpf, whereas in mice, the onset of Tg, Tshr, Tpo, and NIS expression between E14.5 and E16 precedes formation of thyroid follicles around E16.5 (8, 17) .
What differs between zebrafish and mouse is that in mice, a series of morphogenetic events (migration, bilobulation, and growth) separates the process of thyroid budding and the onset of follicle formation by several days (14, 15) . In the case of the zebrafish thyroid, the time elapsed between completion of thyroid budding and formation of a first follicle is very short (ϳ10 h). Bilobulation does not occur in zebrafish, and in contrast to mice, a distinct growth phase of the thyroid primordium before initiation of functional differentiation is lacking in zebrafish. A massive growth of thyroid tissue occurs only after a first follicle has formed, suggesting a model in which functional differentiation is initially favored over thyroid growth in zebrafish. Thus, although similar morphogenetic processes (e.g. thyroid budding, migration, growth, and functional differentiation) are involved in thyroid organogenesis in zebrafish and mouse, the sequence of these events is asynchronous in the two models. Compared with mouse, distinct morphogenetic processes occur rather concurrently in zebrafish. The coincidence of thyroid budding and induction of tshr and other functional differentiation markers represents one example corroborating this contention. The distinct schedule of morphogenetic events in zebrafish might be necessary to allow for the rapidity of thyroid organogenesis, where a few follicles are formed within 48 h after specification of the thyroid anlage.
With respect to the apparent lack of thyroid growth before 55 hpf, one novel finding of our study points to a so far unrecognized role of apoptosis regulators during early thyroid morphogenesis. By searching for novel genes expressed in the thyroid primordium of zebrafish embryos, we observed thyroid-enriched expression of bcl2l1, a gene which encodes for a member of the BCL2 family of cell death regulators. Similar to mammalian BCL2L1 proteins, zebrafish Bcl2l1 has been shown to exert prosurvival activity (50) . At present, the function of bcl2l1 during thyroid development in zebrafish remains obscure. From the developmental expression profile, one might anticipate a role during early morphogenesis as bcl2l1 is strongly expressed in the thyroid primordium from 36 hpf to 60 hpf but is subsequently down-regulated. What is particularly interesting is that high bcl2l1 expression coincides with a phase of limited thyroid growth. It is therefore tempting to suggest that high expression of a potent prosurvival factor may support the maintenance of a small nonproliferating organ primordium during early development. The conservation of thyroid-enriched expression of antiapoptotic proteins during zebrafish and mouse development warrants further studies on the role of apoptosis during thyroid morphogenesis in these models.
The onset of thyroid hormone synthesis is the hallmark of functional maturation of thyroid tissue, and H 2 O 2 is essential for TPO-catalyzed iodination of TG (51) . Recently, DUOX2 has been identified as a core component of the thyroidal H 2 O 2 generator (52, 53). Functional maturation and membrane targeting of DUOX2 is dependent on the DUOX maturation factor DUOXA2 (40) . The identification of biallelic mutations of DUOX2 and DUOXA2 in CH patients support the essential role of DUOX activity for thyroid hormone synthesis (54) . In this study, we show for the first time the expression of duox and duoxa in zebrafish thyroid. In zebrafish, duox and duoxa are less strongly expressed in thyroid compared with tg, tshr, slc5a5, iyd, and tpo, at least during the developmental period examined. The low level expression might be one reason why thyroidal expression of duox has not been recognized in previous studies (41) . Interestingly, coincident expression of duox and duoxa in thyroid was not detectable at the stage of first follicle formation. By 55 hpf, the colloid of this follicle shows immunoreactivity for TG (20) but not yet for T 4 (21) . T 4 immunoreactivity of thyroid follicles becomes detectable between 72 and 80 hpf (21) , coincident with weak yet detectable duox and duoxa expression in the zebrafish thyroid. This temporal correlation raises the possibility that the onset of duox expression might represent a developmentally regulated factor for the initiation of de novo synthesis of thyroid hormones. The finding that zebrafish expresses only a single duox gene could facilitate future studies aiming at a knockdown of all DUOX activity to elucidate its role for thyroid hormone synthesis in zebrafish.
Previous studies of mouse lines with defective TSH and TSHR signaling have demonstrated that early steps of thyroid morphogenesis are independent of TSHR function (17, 43) . Snell dwarf (dw/dw) mutant mice do not express TSH, whereas hyt/hyt mutant mice harbor a TSHR mutation that prevents TSH binding (8) . In both mutant lines, embryos have a thyroid of normal size at E17.5, but thyroid hypoplasia will develop postnatally (17) . A similar phenotype was observed in genetically engineered TSHR knockout mice (17, 43) . A tshr mutant line has not yet been described in zebrafish, and the limited information on the possible role of TSHR signaling during thyroid organogenesis is derived from observations in lia mutants. The zebrafish lia mutant has a mutation in the fgf3 gene that causes defective adenohypophysis development and loss of thyrotrophs (55) . Therefore, lia mutants have been considered as a model for defective TSH signaling. Intriguingly, Alt et al. (20) reported that formation of thyroid follicles is not defective in lia mutant larvae. The thyroid follicles displayed nearly normal size and shape and showed immunoreactivity to T 4 . These data suggested that TSH is not required for formation, growth, and function of thyroid follicles in zebrafish (20) . However, it was unclear whether basal activity of a zebrafish Tshr might be sufficient to ensure normal follicle development.
To study the role of TSHR signaling more directly, we used microinjection of embryos with a tshr-specific MO to generate a loss-of-function model for TSHR signaling. In contrast to the aforementioned studies with the lia mutant, our analyses of tshr morphants revealed a clear thyroid phenotype compared with controls. In fact, our data demonstrate that loss of TSHR signaling impairs functional differentiation. First, tshr morphants have a significantly reduced number of functional follicles, many of which displaying a reduced size. Second, the observation of reduced immunoreactivity for TG-I and T 4 implicates compromised iodide organification and thyroid hormone synthesis in tshr morphants. Third, expression of tpo, slc5a5, and iyd is strongly reduced in tshr morphants, whereas effects on tg expression are less marked. Given that the proteins encoded by these genes are all integral components of the biosynthetic machinery required for thyroid hormone production (2), their downregulation most likely accounts for the impaired functional capacity of thyroid follicles. Furthermore, a moderate thyroid phenotype characterized by delayed formation of a first follicle was detectable already by 55 hpf in tshr morphants.
The question whether tshr knockdown also affected thyroid growth remains less clear. Our whole-mount immunofluorescence analyses are limited to the detection of follicular colloid and are not expected to detect thyroid follicular cells. Thus, these analyses do not provide an estimate of the total amount of thyroid cells present in tshr morphants. Among the in situ hybridizations performed at 100 hpf, those conducted with the tg probe were most instructive concerning possible growth effects. Here, the thyroid staining of up to 69% of tshr morphants was indistinguishable from control larvae. Although the three-dimensional dispersal of stained cells makes quantitative estimations very difficult, a marked reduction in the size of the stained domain was not observed. Thus, we conclude cautiously that a growth defect is not readily detectable in tshr morphants.
By using a transient transgenic system of heat-shockinducible tshr overexpression, the thyroid phenotype resulting from knockdown of endogenous tshr was partially rescued, corroborating the specificity of the morpholino loss-of-function approach. Because we used a transient transgenesis approach, mosaicism of transgene expression due to delayed transgene integration most likely accounted for the incomplete rescue. However, our data show that Tol2-based transient transgenesis provides a viable approach for use in phenotypic rescue experiments during later stages of zebrafish development.
Collectively, the thyroid phenotype observed in tshr morphants resembles in many aspects the phenotype described for the hyt/hyt mutant mice. hyt/hyt mutant mice present with a relatively normal thyroid size at birth, but display hypothyroidism, reduced intralumenal colloid, reduced but detectable iodinated TG, reduced intrathyroidal T 4 , moderately reduced TG expression, and greatly reduced NIS and Tpo expression (17, 56, 57) . Similar to hyt/hyt mutant mice, partial functionality of the thyroid was detected in tshr morphants. In the case of the zebrafish model, the residual activity might be due to a partial independence of thyroid function from TSHR signaling or from incomplete knockdown of TSHR function by the tshr-MO used in this study. At present, we cannot exclude either of these two possibilities. In general, most morpholino-mediated knockdowns are incomplete, and ongoing dilution due to cell division will decrease intracellular concentrations during the course of development (58) . On the other hand, the less severe effects of tshr knockdown on differentiation marker expression at 55 hpf compared with 100 hpf might imply differences in the dependence from TSHR signaling between early and late stages of thyroid development.
Our analyses of thyroid gene expression in tshr morphants also revealed an important difference compared with mouse models of defective TSHR signaling. Impaired TSHR signaling caused only in the zebrafish model a marked down-regulation of the transcription factors nkx2.1a and pax8. Although in vitro models suggested that Pax8 expression is dependent on TSH stimulation (59), neither NKX2.1 nor PAX8 protein expression was affected in mouse models with defective TSHR signaling (17) .
TSHR signaling in thyroid cells is largely mediated via activation of the adenylate cyclase-cAMP pathway. Given this, we also compared the thyroid phenotype of tshr morphants with that observed in transgenic mice expressing a dominant negative Creb (cAMP response element-binding protein) isoform specifically in the thyroid (60) . Interestingly, the thyroid phenotype of the latter mouse model resembles in some aspects the one in the zebrafish model. Of particular interest is the coincidence of a strong reduction in Nkx2.1 and Pax8 expression along with the downregulation of functional differentiation factors in mice with defective cAMP signaling and in tshr morphants. The results obtained in transgenic mouse with defective cAMP signaling support the view that the down-regulation of functional differentiation factors might be mediated in part by reduced expression of thyroid transcription factors. Preliminary observations in zebrafish embryos injected with nkx2.1a-MO support this view by showing reduced expression of tshr and slc5a5 at low submaximal nkx2.1a-MO concentrations (data not shown). Collectively, these data raise the possibility of a positive feedback signaling between TSHR signaling and thyroid transcription factor expression in the zebrafish thyroid. The details of this interesting regulatory circuit are currently under investigation. From the aforementioned mouse-zebrafish comparisons, we can conclude that the thyroid phenotype in tshr morphants is unique in that it combines several aspects of thyroid phenotypes observed in different mouse models with defective TSHR and cAMP signaling. This finding corroborates the value of the zebrafish model to provide unique information complementing results obtained with different mammalian models.
Thyroid ectopy represents the most common cause of CH (13) . Ectopic thyroid tissue has been reported anywhere along the route of thyroid descent from the foramen cecum to its normal position in the neck. However, in approximately 90% of cases, the thyroid tissue is present at a sublingual position, that is at the site of thyroid origin. The literature on thyroid gland anatomy in teleosts is replete with observations of ectopic thyroid follicles located in tissues as diverse as ocular choroid, kidney, spleen, intestine, liver, or heart (61). The embryological origin of these ectopic thyroid tissues has not yet been clarified. In zebrafish larvae, however, we observed ectopic thyroid tissue exclusively at a midline position in close vicinity to the site of thyroid origin within the ventral pharynx. Due to the differential relative movements during development of the pharynx and the subpharyngeal thyroid tissue, the part of the pharynx from which the thyroid originates becomes located more anteriorly relative to the orthotopic thyroid domain. The finding of ectopic thyroid tissue in zebrafish at a site that can be considered anatomically equivalent to the sublingual thyroid in human suggests a so far unrecognized potential of zebrafish for studies addressing the mechanisms of developmental defects resulting in thyroid ectopy. Although we observed so far only cases of partial ectopy in zebrafish, one possible application might be the use of zebrafish embryos as a tool to screen orthotopic and ectopic thyroid tissue for differential expression of the candidate genes recently identified in human ectopic thyroids (62) . Notably, our analyses of tshr morphants did not detect a difference in the prevalence of ectopic thyroid tissue compared with controls.
In conclusion, we have provided novel expression data on functional differentiation markers during thyroid morphogenesis in zebrafish. These data indicate the induction of an early molecular differentiation program during thyroid budding preceding the formation of a first follicle shortly thereafter. A delayed induction of duox expression occurs coincidently with the onset of thyroid hormone synthesis raising the possibility that duox expression represents a developmentally regulated factor of functional maturation. Finally, we demonstrate that loss of Tshr function causes a specific thyroid phenotype that is characterized by a reduction in the number and size of functional follicles, strong down-regulation of differentiation markers, and reduced expression of thyroid transcription factors. From an evolutionary perspective, our phenotype analyses revealed aspects of TSHR signaling that are conserved between mouse and zebrafish, such as the down-regulation of functional differentiation markers, but also revealed some differences, particularly with regard to the regulation of thyroid transcription factors. Collectively, our data demonstrate that TSHR signaling is required for functional differentiation of the zebrafish thyroid.
Materials and Methods
Zebrafish husbandry and embryo culture
Zebrafish (Danio rerio) embryos were obtained from natural spawning of adult fish. Three zebrafish lines were used in this study, including WT, casper mutant (obtained from Leonard Zon, Howard Hughes Medical Institute, Boston, MA), and Tg(fli1a:EGFP) transgenic fish lines (obtained from Brant M. Weinstein, National Institutes of Health, Bethesda, MD). Zebrafish embryos were raised at 28.5 C according to Westerfield (25) and staged in hpf as described by Kimmel et al. (63) . Embryos and larvae were fixed in 4% phosphate-buffered paraformaldehyde (PFA) (Sigma, St. Louis, MO) overnight at 4 C, washed in PBS containing 0.1% Tween 20 (PBST), gradually transferred to 100% methanol, and stored at Ϫ20 C until use for in situ hybridization or immunofluorescence analyses. If indicated, pigmentation of embryos was inhibited by addition of 0.003% PTU (Sigma) to the embryo medium at 24 hpf. 
Identification of thyroid differentiation markers
RNA probe synthesis
Synthesis of dioxygenin-labeled RNA probes for in situ hybridization was performed using the PCR-based approach as described by David and Wedlich (64) with the following modifications. DNA templates for riboprobes were generated by PCR using gene-specific primers containing the T 3 promoter sequence and were purified with MinElute Reaction Cleanup kit (QIAGEN, Valencia, CA) followed by phenol-chloroform extraction. PCR primer sequences are listed in Supplemental Table  1 . DNA was reconstituted in ribonuclease-free water, template purity was verified by gel electrophoresis, and DNA concentrations were measured using a NanoDrop ND-1000 UV/VIS spectrophotometer (Thermo Scientific, Rockford, IL). Dioxygeninlabeled riboprobes were synthetized from 500 ng of DNA by in vitro transcription using DIG RNA labeling kit (Roche, Indianapolis, IN) and T 3 RNA-Polymerase (Promega, Madison, WI) according to the manufacturers recommendation. After deoxyribonuclease I treatment, riboprobes were purified using High Pure PCR Product Purification kit (Roche), integrity was checked by gel electrophoresis, and probes were stored at Ϫ80 C until use.
Whole-mount in situ hybridization
WISH with zebrafish embryos and larvae was performed as described in Thisse and Thisse (65) with the following modifications. In the standard WISH protocol, riboprobe hybridization was performed at 65 C overnight, and probes were detected using antidioxygenin antibody conjugated to alkaline phosphatase (1:6000; Roche). For detection of duox and duoxa mRNA, the standard protocol was changed in that 5% dextran sulfate was added to the hybridization mix, and hybridization was performed at 63 C. Staining reactions were performed with the alkaline phosphatase substrates BM Purple (Roche) and NBT/ BCIP (Roche). Stained embryos were washed in PBST, postfixed in 4% PFA, and embedded in 90% glycerol for light microscopy. Images of stained specimens were captured using an Axiocam digital camera mounted on an Axioplan 2 microscope (Zeiss, Oberkochen, Germany). Whenever appropriate, photomicrographs of stained embryos show results obtained in PTUtreated casper embryos as visualization of staining patterns in the pharyngeal region is facilitated due to the lack of eye pigmentation.
Whole-mount immunofluorescence
After rehydration into PBST, 120-hpf larvae were treated with 10 g/ml proteinase K (Roche) for 30 min, rinsed shortly in PBST, and postfixed in 4% PFA for 20 min. After further rinsing in PBST, larvae were immersed in blocking buffer (PBST containing 1.0% dimethylsulfoxide, 1% BSA, 5% horse serum, and 0.8% Triton X-100) for 2 h. Larvae were then incubated overnight in blocking buffer containing primary antibodies at 4 C. After several washing steps in PBST containing 1% BSA, larvae were incubated with secondary antibodies overnight at 4 C. The following antibodies were used: rabbit anti-TG polyclonal antibody (1:1000 . Stained larvae were washed in PBST and embedded in 90% glycerol for fluorescence microscopy. Images were acquired by an Axiocam MR3 camera on an Axio Observer Z1 microscope using Axiovision software (Zeiss). All image series for quantification of follicle number were acquired the same day, using identical acquisition settings.
Cloning of zebrafish tshr full coding sequence
For amplification of the complete coding region of zebrafish tshr, primers were designed based on the predicted cDNA sequence, and restriction enzyme sites were added to the forward (BamHI) and reverse (XbaI) primer sequences. Final primer sequences were: tshrforward 5Ј-CGCGGATCCGAGCCTACATTTATTCTTTATAC-CA-3Ј and tshr-reverse 5Ј-TGCTCTAGAGTTGCAGAAGTG-TATTCTCTCCGTTA-3Ј. RT-PCR amplification was performed using total RNA from 72-hpf zebrafish embryos. Amplicons were cloned into pcr4-TOPO (Invitrogen) and sequenced. BLAST analyses of the sequences identified a clone containing the complete coding sequence of 2271 bp and sharing 99% nucleotide homology to the sequence predicted from genome mapping. Full-length GpHR sequences were collected from GenBank (accession nos. are reported in Supplemental Table 2 ), and multiple alignments were performed using ClustalW. A phylogenetic tree was constructed using the neighbor joining algorithm based on full polypeptide sequences.
Functional characterization
The entire coding region of zebrafish tshr was inserted into pcDNA3.1 giving tshr/pcDNA3.1 expression vector (Invitrogen). Human embryonic kidney 293 cells (HEK393T) were used for transient transfection experiments and were cultured in DMEM supplemented with 10% fetal bovine serum, sodium pyruvate, 100 unit/ml penicillin/streptomycin, and fungizone at 37 C in a humidified atmosphere at 95% air and 5% CO 2 . Briefly, cells were trypsinized, counted, and transfected with tshr/pcDNA3.1 expression vector in suspension with DNApolyethylene imine complexes. Then, 20000 cells were seeded in 96-well plates. After 24 h, medium was replaced, and 48 h after transfection, the intracellular accumulation of cAMP was measured by homogeneous time-resolved fluorescence (CisBio, Bedford, MA). The medium was removed and replaced by KrebsRinger-HEPES buffer supplemented with 25 M of the phosphodiesterase inhibitor Rolipram. After 30 min of incubation with various concentrations of bovine TSH (Sigma), recombinant human TSH (Genzyme Corp., Cambridge, MA), or hCG (Sigma) at room temperature, the stimulation was stopped by adding lysis buffer; 10 l of each well were transferred in a 384-well plate by using the Biomek Laboratory Automation Workstation (Beckman Coulter, Inc., Brea, CA). The workstation was used to transfer in each well 5 l of diluted cAMP labeled with d2 fluorophore and 5 l diluted monoclonal antibody against cAMP labeled with Europium cryptate fluorophore. After 1 h of incubation at room temperature, the plate was read using RUBYstar reader (BMG LABTECH GmbH, Ortenberg, Germany). cAMP concentration was extrapolated using a standard curve treated in parallel. cAMP measurements were done in triplicate. Results are expressed as picomoles cAMP per milliliter.
Morpholino microinjection
For knockdown of tshr function, a MO was obtained from Gene Tools (Philomath, OR). The tshr-MO was designed as a translation-blocking MO targeting the 5Ј-untranslated region immediately upstream of the start codon of the tshr gene. The sequence of the tshr-MO was 5Ј-ATGTAGGCTATTTTCTTC-CACACGA-3Ј. Database searches did not identify any sequence with significant similarity of known zebrafish genes to the tshr-MO. The control MO, designed by Gene Tools as a standard control MO with no target specificity, had the following sequence: 5Ј-CCTCTTACCTCAGTTACAATTTATA-3Ј. Working solutions of morpholinos were prepared in 0.12 M KCl containing phenol red to check injection efficiency, and approximately 1 nl of MO solution was microinjected into the yolk sac of one-to four-cell stage embryos. In initial dose-finding experiments, embryos were injected with tshr-MO at doses ranging from 1.0 to 10 ng/embryo along with injections of equimolar amounts of control MO and saline (mock injection). Although development of embryos injected with control MO and saline did not differ from noninjected siblings, injection of tshr-MO at concentrations more than or equal to 3 ng/embryo caused dose-dependent increases in mortality and severe overall developmental defects (e.g. retarded development and growth, edema formation, craniofacial malformations, and deformed body shape). Based on expression patterns of tshr mRNA, we attributed the developmental phenotypes observed at concentrations more than or equal to 3 ng/embryo to nonspecific and toxic effects of the tshr-MO. The highest tshr-MO concentration not causing gross developmental defects was 2.5 ng/embryo. This concentration was used in all morpholino injection experiments reported in this study.
Rescue experiments
The pTol2hsp70:tshr construct was generated by Gateway cloning using the Tol2kit according to Kwan et al. (66) . pMEtshr was constructed by subcloning the tshr coding sequence (lacking the morpholino target sequence) into pME-MCS between BamHI and XbaI restriction sites. The pTol2hsp70:tshr vector was assembled from the entry clones p5E-hsp70, pMEtshr, and the destination vector pTol2DestR4R2pA (67) . Capped mRNA encoding for transposase was generated by in vitro transcription using mMessage mMachine SP6 kit (Ambion) and NotI-linearized pCS-zT2TP plasmid (68) as a template.
Each rescue experiment comprised three experimental groups, including embryos injected with 2.5 ng tshr-MO only (tshr morphants), embryos coinjected with 2.5 ng tshr-MO, 25 pg of transposase mRNA and 25 pg of pTol2hsp70:tshr plasmid (pTol2hsp70:tshr-injected tshr morphants), and embryos not injected with tshr-MO (controls). All injections were made at the one-cell stage. Starting from E2, embryos from all three experimental groups were heat shocked twice per day. For heatshock treatment, embryos were transferred to prewarmed embryo medium (40 C), incubated for 30 min at 40 C, and subsequently transferred back to embryo medium at 28.5 C. A total of six independent rescue experiments were performed, three with Tg(fli1a:EGFP) embryos (used for TG and T 4 immunostaining at 120 hpf) and three with casper embryos (used for gene expression analyses at 100 hpf).
Statistics
For the statistical analyses of follicle number measurements, pair-wise comparisons were conducted using the nonparametric Mann-Whitney test (initial morphant characterization) or Dunn's multiple comparison test (rescue experiments). Statistical analyses were performed using the software package GraphPad Prism 4.0 (GraphPad, San Diego, CA). Differences were considered significant at P Ͻ 0.05.
